Introduction
The concept of culturomics [1] [2] [3] , developed in our laboratory since 2010, aims at deciphering the living microbial diversity in any milieu, notably microbes that live with humans. In contrast to metagenomics, it focuses on culture, and especially the characterization of new species become available to the scientific and medical community. Indeed, culture is the first step before experimental studies, multispecies probiotics or selection of strains for specific microbiotherapy.
The combination of endoscopic sampling and microbial culturomics allowed us to isolate a new bacterial genus from the colon lavage of a 58-year-old woman without medical history, who underwent a colonoscopy because of a positive screening test for a colorectal cancer. Strain Marseille-P2645
T is the type strain of Mediterranea massiliensis gen. nov., sp. nov., the first species of the genus Mediterranea, a new member of the Bacteroidaceae family. To describe strain Marseille-P2645 T , we report here the characterization of a new bacterial species using a new taxonomic strategy called taxonogenomics [4] . Taxonogenomics integrates proteomic information obtained by matrix-assisted desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) and genomic tests to describe new bacterial species [5, 6] . This polyphasic approach overcomes limitations of conventional methods for new species description (genetic, phenotypic and chemotaxonomic characteristics for new species description) [7, 8] . It combines phenotypic characteristics, analyses and comparison of the complete genome sequence. Bacteroides helcogenes strain P36-108 T (GenBank accession no. CP002352) was the phylogenetically closest species with standing in nomenclature [9] . Study of the phenotypic, phylogenetic and genomic characteristics of strain Marseille-P2645 T revealed that M. massiliensis was sufficiently different from Bacteroides helcogenes type strain (P36-108 T ) to be classified as a new genus of bacteria of the Bacteroides family [10] . We previously reported the ribosomal 16S sequence and the MALDI-TOF MS spectrum [11] . Since the first report, a new strain was isolated confirming the new species. Here we present the complete description of strain Marseille-P2645 T (= CSUR P2645 = DSM 103034),
together with the description of the complete genomic sequencing and annotation.
Materials and Methods
Sample collection Strain Marseille-P2645 T was first isolated in April 2016 in a liquid colon sample from a 58-year-old woman without medical history, who underwent a colonoscopy because of a positive screening test for a colorectal cancer in the gastroenterology department of Hopital Nord, Marseille, France. Signed informed consent was collected from the patient, and the study obtained approval from the ethics committee of the Institut Fédératif de Recherche IFR48 under number 2016-010.
Strain isolation and identification by MALDI-TOF MS
After collection using sterilized devices, the colonic sample was immediately placed in an antioxidant-enriched liquid medium [12] and transported to our laboratory (Institut Hospitalo-Universitaire Méditerranée Infection, Marseille, France). Once in the laboratory, the sample was placed under a laminar flow cabinet before being diluted in phosphatebuffered saline and seeded on different solid and liquid culture media. The initial growth of strain Marseille-P2645 T was achieved after 1 day at 37°C on 5% sheep's blood-enriched Columbia agar (bioMérieux, Marcy l'Etoile, France) in anaerobic atmosphere (anaeroGEN; Oxoid, Dardilly, France). After isolation on pure culture, the identification of all different bacterial colonies was performed using MALDI-TOF MS using a Microflex spectrometer (Bruker Daltonics, Bremen, Germany), as previously reported [13, 14] . Each colony was deposited in duplicate on a MALDI-TOF MS target to be analysed. A matrix solution of 1.5 μL (saturated solution of cyano-4-hydroxycinnamic acid diluted in 50% acetonitrile and 2.5% trifluoroacetic acid, completed with high-performance liquid chromatography water) was deposited on each spot. After the reading of the plate, the obtained protein spectra were compared by MALDI Biotyper software with those of the Bruker database (continuously updated with our recent data). When the resulting score was >2, the identification was made at the species level, while a score of <1.7 did not enable any identification.
16S rRNA sequencing and phylogeny After 3 failed MALDI-TOF MS identifications, a standard 16S rRNA PCR was performed using universal primers pair fD1 and rP2 in a GeneAmp PCR System 2720 thermal cycler (Thermo Fisher Scientific, Waltham, MA, USA). The amplified DNA was revealed by electrophoresis on 1.5% agarose gel. Once validated, the PCR product was purified and sequenced using the Big Dye Terminator Sequencing Kit and the following internal primers: 536F, 536R, 800F, 800R, 1050F, 1050R, 357F and 357R, as previously described [1] . Sequences were corrected using the Codon Code Aligner software (http://www. codoncode.com), and then a BLAST search (Basic Local Alignment Search Tool) was performed against the GenBank nucleotide collection (http://blast.ncbi.nlm.nih.gov/Blast.cgi). A strain was considered as a candidate novel genus if the percentage of 16S rRNA similarity with the closest species with standing in nomenclature was <95% [15] . We performed a phylogenetic analysis based on the 16S rRNA of our isolate to identify its phylogenetic affiliations. Sequences were aligned using Muscle 3.8.31 [16] , and phylogenetic inferences were obtained using the approximately maximum-likelihood method within FastTree software [17] . Only bootstrap values of >95% are shown, and the numbers at the nodes are the computed local values [18] .
Phenotype characteristics
Different growth conditions were tested on a 5% sheep's blood-enriched Columbia agar (bioMérieux) for strain Marseille-P2645
T . Five temperatures (room temperature, 28, 37, 45 and 55°C) and three atmospheres-anaerobic (anaeroGen Compact; Oxoid), microaerophilic (campyGen Compact; Oxoid) and aerobic (in a plastic pouch to maintain a humid atmosphere)-were evaluated. Tolerance of this strain to salt was tested using 5%, 7.5%, 10%, 15% and 20% of NaCl, and the pH tolerance (5, 5.5, 6, 6.5, 7, 7.5 and 8) was also tested. Individual cells of strain Marseille-P2645
T were visualized using a Tecnai G20 electron microscope (FEI Company, LimeilBrevannes, France). Gram staining was performed and observed using a photonic microscope Leica DM2500 (Leica, Wetzlar, Germany) with a 100× oil-immersion objective. Motility testing was performed by observation of a fresh colony between the blades and slats using a DM1000 photonic microscope (Leica) at 40×. To check the ability to sporulate, strain Marseille-P2645 T was grown on 5% sheep's blood-enriched Columbia agar (bioMérieux) for 2 days, and then a heat-shock test (20 minutes at 80°C) was performed.
Biochemical characterization and antibiotic susceptibility The commercially available API ZYM, API 50CH and API 20A strips (bioMérieux) were used for biochemical tests according to the manufacturer's instructions. Catalase (bioMérieux) and oxidase (Becton Dickinson, Le Pont de Claix, France) activities were also tested. Cellular fatty acid methyl ester (FAME) analysis was performed by gas chromatography/mass spectrometry (GC/MS). Two samples were prepared with approximately 60 mg of bacterial biomass per tube collected from several culture plates. FAMEs were prepared as described by Sasser [19] . GC/MS analyses were carried out as described by Dione et al. [20] in genome analysis and description of Anaerosalibacter massiliensis. Briefly, FAMEs were separated using an Elite 5-MS column and monitored by mass spectrometry (Clarus 500-SQ 8 S; Perkin Elmer, Courtaboeuf, France). Spectral database search was performed using MS Search 2.0 operated with the Standard Reference Database 1A (National Institute of Standards and Technology, Gaithersburg, MD, USA) and the FAMEs mass spectral database (Wiley, Chichester, UK).
Sensitivity to antibiotics was determined using a disc diffusion method on Mueller-Hinton E agar (bioMérieux). The following antibiotics were tested using Sirscan discs (i2a, Montpellier, France): doxycycline, rifampicin, vancomycin, amoxicillin, ceftriaxone, penicillin, trimethoprim/sulfamethoxazole, imipenem, oxacillin, erythromycin, tobramycin, cefotaxime, amoxicillin/ clavulanic acid, gentamicin, fosfomycin and metronidazole. Inhibition diameters were measured using the Scan1200 scanner (Interscience, Saint-Nom-La Bretêche, France).
Genome sequencing and assembly
After pretreatment by a lysozyme incubation at 37°C for 2 hours, DNA of strain Marseille-P2645
T was extracted on the EZ1 biorobot (Qiagen, Germantown, MD, USA) with a EZ1 DNA tissue kit. The elution volume was 50 μL. Genomic DNA was quantified by a Qubit assay with the high-sensitivity kit (Life Technologies, Carlsbad, CA, USA) to 80.7 ng/μl. Genomic DNA of strain Marseille-P2645 T was sequenced on the MiSeq Technology (Illumina, San Diego, CA, USA) with the mate-pair strategy. The genomic DNA was barcoded in order to be mixed with 11 other projects with the Nextera Mate Pair sample prep kit (Illumina). The mate-pair library was prepared with 1.5 μg of genomic DNA using the Nextera mate pair Illumina guide. The genomic DNA sample was simultaneously fragmented and tagged with a mate-pair junction adapter. The pattern of the fragmentation was validated on an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) with a DNA 7500 labchip. The DNA fragments ranged in size from 1.5 to 11 kb, with an optimal size at 8.44 kb. No size selection was performed, and 600 ng of tagmented fragments were circularized. The circularized DNA was mechanically sheared to small fragments with an optimal at 916 bp on a Covaris device S2 in T6 tubes (Covaris, Woburn, MA, USA). The library profile was visualized on a High Sensitivity Bioanalyzer LabChip (Agilent Technologies), and the final concentration library was measured at 81.95 nmol/L. The libraries were normalized at 2 nM and pooled. After a denaturation step and dilution at 15 pM, the pool of libraries was loaded onto the reagent cartridge and then onto the instrument along with the flow cell. Automated cluster generation and sequencing run were performed in a single 39-hour run at a 2 × 151 bp read length. Total information of 5.3 Gb was obtained from a 559K/mm 2 cluster density, with a cluster passing quality control filters of 96.3% (10 450 000 passed filter clusters). Within this run, the index representation for strain Marseille-P2645 T was determined to be 10.02%. The 1 047 418 paired-end reads were filtered according to the read qualities.
Genome annotation and comparisons
Prodigal was used for open reading frame (ORFs) prediction [21] with default parameters, but the predicted ORFs were excluded if they spanned a sequencing gap region (containing N). The predicted bacterial protein sequences were searched against the GenBank database [22] and the Clusters of Orthologous Groups database (COGs) using BLASTP (E value 1e-03, coverage 0.7 and identity percentage 30%). If no hit was found, a search was performed against the NR database using BLASTP with an E value of 1e-03, coverage of 0.7 and identity percentage of 30%. If the sequence lengths were smaller than 80 aa, we used an E value of 1e-05. Both tRNAs and rRNAs were predicted using the tRNAScan-SE [23] and RNAmmer [24] tools, respectively. Lipoprotein signal peptides and the number of transmembrane helices were predicted using SignalP [25] and TMHMM [26] , respectively. ORFans were identified when their BLASTP E value was lower than 1e-03 for an alignment length greater than 80 aa. If alignment lengths were smaller than 80 aa, we used an E value of 1e-05. Such parameter thresholds have already been used in previous works to define ORFans. Artemis [27] and DNA Plotter [28] were used for data management and for visualization of genomic features, respectively. To estimate the mean level of nucleotide sequence similarity at the genome level between strain Marseille-P2645
T and other bacteria, we used the average genomic identity of orthologous gene sequences (AGIOS) homemade software [29] . This software combines the Proteinortho software for detecting orthologous proteins between genomes compared two by two [30] , then retrieves the corresponding genes and determines the mean percentage of nucleotide sequence identity among orthologous ORFs using the NeedlemanWunsch global alignment algorithm. [32] libraries that provided pipeline analysis. We also performed genome-to-genome distance calculator (GGDC) analysis using the GGDC Web server, as previously reported [33, 34] .
Results

Phylogenetic analysis
Strain Marseille-P2645 T was first isolated after a 1-day anaerobic incubation period of cultivation of the sample seeded on Colombia agar with 5% sheep's blood. MALDI-TOF MS spectrum of P2645 T (Fig. 1) did not match anything in our database or in Brucker's database. Phylogenetic analysis based on the 16S RNA showed that strain Marseille-P2645 T exhibited a 92.9%
sequence similarity [10] with Bacteroides helcogenes strain P36-108 T (GenBank accession no. CP002352), the phylogenetically closest species with standing in nomenclature (Fig. 2 ) [9] . Bacteroides coprophilus strain CB42T (AB260026) [35] was also a close validated species of strain Marseille-P2645 T ; this strain is a nomenclature, we propose that strain Marseille-P2645 T be a member of a novel genus in the family of Bacteroidaceae in the phylum of Bacteroidetes, for which we propose the name Mediterranea gen. nov. The 16S RNA of strain Marseille-P2645 T was deposited in GenBank under accession number LT558847.3 (Table 1) . A gel view was performed in order to observe spectra differences between M. massiliensis and other close bacteria (Fig. 3 ).
Phenotypic and biochemical characterizations
The optimum growth of Strain Marseille-P2645 T was obtained after 1 day of culture at 37°C in anaerobic conditions (anaeroGEN, Oxoid). Colonies grown on 5% sheep's blood-enriched Columbia agar medium were translucent and slightly haemolytic, with a diameter of 0.5 mm. Bacterial cells were Gramnegative bacilli (Fig. 4a ), 1 μm in length and 0.6 μm in diameter (Fig. 4b) . This strain is non-spore-forming, peritrichous and motile. Catalase and oxidase reactions were negative. Marseille-P2645 T was able to grow at 28°C and 45°C.
It is strictly anaerobic and unable to grow under microaerophilic or aerobic conditions. The range of salinity used shows that strain Marseille-P2645 T does not tolerate salt. Strain
Marseille-P2645 T survives from pH 5 to 8 with an optimal pH at 7. Classification and general features are summarized in Table 2 . Using API ZYM (bioMérieux), positive reactions were obtained for alkaline phosphatase, acid phosphatase, α-galactosidase, β-galactosidase, α-glucosidase, β-glucosidase, α-fucosidase and N-acetyl β-glucosaminidase, but negative reactions for α-mannosidase, α-chymotrypsin, trypsin and lipase-C14. In the API 20A (bioMérieux), the strain showed gelatin production but no indole or esculin production (ferric citrate). Using API 50CH system, positive reactions were obtained for D-glucose,
FIG. 2.
Phylogenetic tree highlighting phylogenetic position of Mediterranea massiliensis strain Marseille-P2645 T relative to other phylogenetically close members of family Bacteroidaceae. Sequences were aligned using CLUSTALW, and phylogenetic inferences were obtained using maximum likelihood method within MEGA7 software. Numbers at nodes are percentages of bootstrap values obtained by repeating analysis 500 times to generate majority consensus tree. Only bootstraps scores 95% were retained. Scale bar indicates 1% nucleotide sequence divergence. T to other members of family Bacteroidaceae. Gel view displays raw spectra of loaded spectrum files arranged in pseudo-gel-like look. x-axis records m/z value. Left y-axis displays running spectrum number originating from subsequent spectra loading. Peak intensity is expressed as greyscale. Colour bar and right axis indicate intensity of each matrix-assisted desorption ionization-time of flight mass spectrometry peak and peak intensity in arbitrary units. (Table 4) .
Genome properties
The genome of strain Marseille-P2645 T is 3 950 441 bp long with 51.66 mol% G+C content (Fig. 5) . It is composed of 25 scaffolds (composed of 34 contigs). Of the 3439 predicted genes, 3374 were protein-coding genes and 65 were RNA genes (three genes are 5S rRNA, one gene is 16S rRNA, one gene is 23S rRNA and 60 genes are tRNA genes). A total of 2772 genes (82.16%) were assigned a putative function (by COGs or by NR BLAST), and 92 genes were identified as ORFans (2.73%). The remaining genes were annotated as hypothetical proteins (449 genes, 13.31%). Genome statistics are summarized in Table 5 , and the distribution of the genes into COGs functional categories is presented in Table 6 . Bacteroides massiliensis strain B84634, Bacteroides rodentium strain JCM 16496, Bacteroides coprocola strain DSM 17136 and Bacteroides fluxus strain YIT 12057. The average nucleotide sequence identity ranged from 58.89% to 66.13% between strain Marseille-P2645 T , as well as the nine other members of the family Bacteroidaceae (Table 7) . Results from pairwise comparison obtained for the analysis of the digital DNA-DNA hybridization (dDDH) using GGDC software are reported in Table 8 . The probability of error when saying that this strain is a new species (DDH >70%) compared to nine other member of the genus Bacteroides was 0.02% (GGDC2. 
Genome comparison
Bacilli Bacilli Bacilli Bacilli Bacilli Bacilli Bacilli Bacilli Bacilli Bacilli Gram stain − − − − − − − − − − Motility + − − − − − − − − − Indole − − − − − + − − − +
Discussion
Currently, the development of -omics technologies has provided an overview of the complexity of microbial communities living outside and inside our organism. These considerable technologic advances have led to an exponential progression in the knowledge of the human gut microbiota. However, we have recently developed a methodology for the dynamic description of new bacteria, including new species and genera of the digestive flora, using the original approach of culturomics to explore microbial diversity of clinical and environmental samples. We report here the isolation and culture of a new 
Conclusion
Microbial culturomics continue to significantly expand the repertoire of isolated bacteria in the digestive tract. Application of culturomics to the duodenum, ileum and colon would improve the understanding of microbiota involvement in human health and diseases. Thus, our study may contribute to a better knowledge of the associated human microorganisms, and could help to better understand physiologic functioning in health and disease. On the basis of phenotypic, genomic and phylogenetic analyses, we formally propose the creation of Mediterranea massiliensis gen. nov., sp. nov., represented by the strain Marseille-P2645 T (= CSUR P2645 = DSM 103034).
